We have developed a custom scanning laser ophthalmoscope that uses phase plates produced by photolithography to improve the contrast of human retinal images. We combined the scanning engine from a commercial real-time confocal microscope with custom optics to provide medium magnification imaging of the human retina (3 ± field of view). Defocus and astigmatism were corrected with conventional trial lenses. Higherorder aberrations of the eye were corrected with a phase plate. A 633-nm laser was used for illuminating the retina. Inserting the phase plate into the optical system increased the contrast of a sample retinal vessel by 26%. Additionally, a number of small features of the retina, which were not visible with standard commercial imaging systems, became visible. There results illustrate that, with the rapid development of custom fabrication techniques for refractive corrections, improved diagnostic imaging with little added complexity to existing ophthalmic imaging systems may be realistic. © 2002 Optical Society of America OCIS codes: 120.3890, 170.4460, 180.1790, 330.4300, 330.4460. The introduction of adaptive optics into the ophthalmic research community has resulted in a great deal of interest in both correction of aberrations of the eye for improved vision 1 -5 and high-resolution imaging of the retina.
The introduction of adaptive optics into the ophthalmic research community has resulted in a great deal of interest in both correction of aberrations of the eye for improved vision 1 -5 and high-resolution imaging of the retina. 1, 6 One of the major problems in retinal imaging is that contrasts of most features are low because of both multiple scattering from different layers of the retina and the aberrations of the ocular optics. 7 The scanning laser ophthalmoscope 8 (SLO) has provided a major advantage for retinal imaging because of its ability to improve retinal contrast, especially at longer wavelengths. 9 However, both the spatial resolution and the contrast of confocal SLOs are still limited by the degradation in image quality that is imposed by the optics of the eye.
Retinal imaging is commonly used in ophthalmology for the identif ication and localization of retinal and neural damage. Typically, retinal imaging is performed with f ields of view ranging from 10
± to 50 ± of retinal area (approximately 3000 15,000 mm). Rapidly developing techniques for retinal imaging are bringing higher lateral resolution by use of image processing 10, 11 and adaptive optics 1, 6, 12 and improved longitudinal resolution by use of low-coherence techniques. 13, 14 However, many clinical applications are limited by the low contrast of retinal features. Thus, high magnification is not always the goal for the clinician. Further, identifying the retinal region of interest can be difficult in high-magnification images.
A lower-magnification image allows ready identif ication of the image features in pathology.
We tested whether using customized phase plates allowed higher-contrast imaging of the retina. Although the phase plate used in this study was specially made, the rapid development of excimer laser systems for customized corneal ablation or lathing systems for customized contact lenses may allow manufacturing of custom phase plates at a relatively low incremental cost. To test the approach we developed a new, medium-magnif ication confocal imaging system (approximately 3 ± field of view) that uses a combination of trial lenses for correcting a subject's spherical and cylindrical refractive errors and a custom phase plate 15 to correct higher-order aberrations of the eye statically.
Our custom SLO is based on a design for dermatological applications 16 ( Fig. 1 ). This SLO uses a polygon to generate the horizontal scan and a galvanometer to generate the vertical scan. 16 We have added a magnification system to increase the pupil size to 5 mm and decrease the field scan to a 3 ± angle. An optical relay provides a pupil conjugate plane with 1:1 imaging. A polarizing beam splitter and a quarter-wave plate improve our control of ref lections and stray light. The wave-front error of the eye was measured as described previously, 17 and the phase plate was made with a photolithographic process. compensation for 68.5% of the high-order aberrations for the subject. The subject had a total of 1.2-mm rms wave-front error for higher-order aberrations (excluding defocus and astigmatism). The subject's alignment with the optical axis of the imaging system was maintained by use of a dental impression and by infrared viewing of the pupil. The phase plate was inserted by use of a linear translation stage and was aligned with the pupil by imaging of the exit pupil of the system and alignment of the image of the phase plate with the image of the exit pupil. All light levels were maintained within ANSI standards for safety.
Images obtained with the new imaging system with 633-nm light both with and without the phase plate (Figs. 2C, 2D , 3C, and 3D) are compared with an image of the same region of the retina obtained with a customized Rodenstock SLO 18 ( Figs. 2A, 2B , 3A, and 3B). Although the new instrument in itself produces better contrast at 633 nm than does the modif ied Rodenstock device, this improvement can be attributed primarily to the larger pupil (5 mm) size of the new system. This increase improves the confocal sectioning of the retina, decreasing the contribution of multiply scattered light. 19 To obtain images we first optimized the image quality, using trial lenses to correct both spherical and cylindrical error (24.25-D sphere, 21.75-D cylinder), producing the best focus in the plane of the retinal blood vessels. Theoretically there was no effect of the phase plate on the refractive power of the eye, and we confirmed this experimentally by systematically varying the trial lenses. We obtained the image pairs shown in Figs. 2 and 3 by moving the phase plate in and out of the pupil plane, using a lateral translation stage. There were no changes in the image-acquisition system in terms of gain or intensity between image sets. Each image is the average of ten separate images obtained sequentially at an acquisition rate of 10 Hz. Individual images were aligned before averaging.
We quantified the change in contrast by measuring the ref lectance across the image. In Fig. 4 we plot the relative image intensity along the sample line shown in Fig. 3 . For these plots, the intensity of each point in the scan was normalized by the mean intensity. This normalized the data for the slight decrease in illuminance that resulted from absorption by the phase plate (72% transmission, double pass). Calculation of contrast across the large blood vessels indicates that for these vessels the introduction of the phase plate increases Michelson contrast by 26%. The increase of contrast for small vessels is even greater, moving them from undetectable to detectable (open arrows in Figs. 2  and 3 ). Also resolved are small ref lective areas (filled arrows in Figs. 2 and 3) . Although we have not identified the anatomical source of these ref lective areas, they are fully repeatable and were present in the individual images taken in this region.
Although optimal image improvement 5 may occur with the inclusion of closed-loop adaptive optics 20, 21 and image stabilization 22 within the imaging system, these processes are currently expensive and technologically demanding. However, considerable effort is being devoted to the development of sculpting techniques capable of shaping both the cornea and contact lenses. These approaches may be applicable to the rapid production of phase plates that can be customized. If it becomes possible to fabricate custom phase plates rapidly, our data indicate that they will provide a substantial improvement in retinal imaging while adding little complexity to imaging systems. Fig. 3 for the standard image (solid curve) and the image obtained with the phase plate inserted (dashed curve). The data have been normalized by their mean to correct for the slightly decreased intensity with the phase plate inserted.
In conclusion, this work shows that significant improvements in retinal image quality can be achieved by coupling of a f ixed phase-correcting system to an appropriately designed confocal scanning laser ophthalmoscope. With the rapid developments in improved corrections of the aberrations of the eye, there is promise for improved diagnosis and detection of retinal damage as well as for a more widely available approach to improved retinal imaging for research.
